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Electromagnetic Radiation Hazards (1)

Electromagnetic energy is absorbed by the body and deposits energy internally leading to
thermal loads and temperature gradients. Since the 1950s the informally accepted
tolerance dose in the US has been 10 mW/cm’. The American National Standards Institute
(ANS!) officially adopted 10 mW/cm' as the standard in 1966 for a five year term, and it
was reaffirmed again in 1969 and 1974. It was concluded at the time that power densities
in excess of 100 mW/cm® were needed to produce any significant biological changes.
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Electromagnetic Radiation Hazards (2)

L ater studies revealed that certain body organs were more susceptible to the effects of
electromagnetic heating than others. The testis power density safety curve assumes
damage when the temperature increases by on 1.4 degrees C (which islessthan awarm

bath).
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Threshold levels versus time for sensitive organs.

Effects other than those due to
heating have been alleged:
changes in hormone levels,
blood chemistry, neurological
function, growth, etc. The vast
majority of studies have been
negative. Research onthe
effect of EM radiation on the
Immune system has been
inconclusive.
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Electromagnetic Radiation Hazards (3)

The gpecific absorption rate (SAR) is used in dosimetric applications

SAR=s |E|? /1 W/kg

wherer isthe mass per volume (kg/m°). SAR isthe time rate at which electromagnetic
energy isimparted to an element of mass of a biological body.

A linear rise in temperature DT can be converted to a SAR value by the formula

SAR =c,DT /Dt
where ¢, is the specific heat of the material (Jkg-°C) and Dt isthe duration”.

It was also found that the body has a resonance when the height (head-to-toe length) is
approximately 0.4l and the electric field is paralld to the body axis. This occurs around
70 MHz for the standard man (175 cm). Absorption can increase by afactor of seven at
resonance.

1For water ¢, =1cdfgm - °C, r =1000 kg/m? at 1 atmosphereand 0°C, and 1 cal = 4.18606 J.
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Electromagnetic Radiation Hazards (4)

Summary of current ANSI standards for exposure to non-ionizing radiation
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Data has shown that a whole-body averaged SAR of 4 W/kg is acceptable, and
subsequently the standard was set at 0.4 W/kg to incorporate an order of magnitude safety
factor. The standard allows the spatial peak SAR to be greater than the whole-body
averaged SAR by afactor of 20. Essentially this allows relaxation of the power density
limits for partial body exposure. The maximum permissible exposure (MPE) inthe 1to 3
GHz range is based on a 6 minute averaging time.
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Electromagnetic Radiation Hazards (5)

The safety issue has four aspects:

1) The whole-body averaged SAR should be less than the safe level (4 W/kg)

The whole-body averaged SAR is computed taking the average power absorbed by the body over a 6 minute
interval and dividing by the total body weight.

2) The maximum partial-body SAR should be less than 20 times the whole-body averaged
SAR (80 W/kg)
Partial-body SAR is permitted to be up to 20 times larger than the whole-body averaged SAR. It is determined by
averaging over avolume (V,) exposed to the strongest incident power density. The appropriate averaging
volume s still the subject of discussion. Cubes of 1 cm3, 10 cm3, and 100 cm3 have been suggested.

3) The power density versus exposure time should remain below the safe values for sensitive

organs such as the eyes and testes.
The traditiona safety standard of 10 mW/cm? applies to an indefinite time of exposure. It has been recognized
that much higher levels are tolerable over short time periods. The most sensitive organ is the testes and the curve
shown previoudly is based on the time and power density to reach 37 C, which is considered potentially
dangerous. However this temperature is exceeded in a common hot bath and thermal induced damage is generally
reversible . Irreversible injury to the human eye can occur when the exposure reaches several hundred mw/cm2
and there are multiple exposures of severa minutesin duration. Extended exposures in excess of 10 mW/cn? but
less than 300 mW/cm2 can cause reversible injuries.

4) The incident power density must be low enough to avoid a shock or burn hazard.
Current induced in the body can potentially lead to shock if contact is made with a conducting object.
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Electromagnetic Radiation Hazards (6)

The depth of penetration into
and subsequent absorption of a
wave by the body are
determined by the relative

dielectric constant (€ ) and
conductivity (s ) of the body
tissues. These are shown asa
function of frequency. The
absorption of energy is
determined by the attenuation

constant, a.

REL DIEL CONST

150

0 = MUSCLE, x = FAT
100+
50}

O T T
10 10 10 10
FREQUENCY, MHz

6 ™ N Y Y T D T O L |

£

%) 0 = MUSCLE, x = FAT

>

l_

O

22

2

@)

@)

¢ ——xx—>X

0~ e
10 10 10 10

FREQUENCY, MHz



Naval Postgraduate School Department of Electrical & Computer Engineering Monterey, California

Electromagnetic Radiation Hazards (7)

Skin Depth (d), cm

Because the body is a good conductor, the skin depth isd » 1/a . Therelatively large e,

and s of the body resultsin asignificant reflection of the incident wave at the body/air
boundary.

Skin depth of body materials Reflection of a plane wave from the body
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Electromagnetic Radiation Hazards (8)

Historical note on the industrial, scientific, and measurement (1SM) band (2.45 GHz):

The small skin depth at 2.45 GHz implies that the energy transfer between the wave
and body occurs near the surface, and at these shallow depths the heat exchange
mechanisms of the body are effective. Note that thisis not a good frequency range for
dosimetric (medical) applications because it is difficult to deposit energy deep into the
body. The choice of the 2.45 GHz frequency for medical use was based on the
erroneous conclusions of data collected by MIT in 1946. The study found that the
absorption of water was 7000 times greater at this frequency than at the previously
used 27 MHz and it was assumed that the therapeutic heating value would be much
greater. Thus 2.45 GHz was adopted as a medical frequency before it was realized
that the geometry and electrical properties of the body invalidated the study
conclusion.

See A. Guy, “History of Biological Effects and Medical Applications of Microwave Energy,” |EEE
Transactions on Microwave Theory and Techniques, vol. 32, no. 9. September 1984.
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Electromagnetic Radiation Hazards (9)

Various models are used in EM radiation and safety calculations. The smplest are
spherical and monolithic models of aman. In genera these dummy models are called

phantoms.
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Complex phantom for use with the The monolithic model is a rectangular
finite integration technique (CST parallelepiped

Microwave Studio)
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Electromagnetic Radiation Hazards (10)

A sample calculation of whole body SAR for the monolithic model follows.

Dimensions: height (toe to head), h=1.75 m; width, (across shoulders) w=0.45 m; depth

(chest to back), d=0.25 m (volumeis 0.1969 m3). A height of 175 cmis the standard
man.

The densities of fat and muscle are approximately 0.9 g/cm3 and 1.1 g/cms3, respectively.

For convenience it is assumed that the average density of all body tissuesis 1.0 g/cm3
yielding a mass of about 92 kg for the given dimensions.

For absorption calculations the following tissue parameters are used.

Tissue S (9m) e
muscle (high water content) 46 2.3
fat (low water content) 55 015

1
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Electromagnetic Radiation Hazards (11)

The body isilluminated by an antennawith principal plane beamwidths g, and q,,. At
range R the area of the spot is an ellipse with axes ¢, = Ry, and/ = Rg,,. When the spot

is larger than the body frontal area, the frontal areais used as the illuminated area; if the
gpot is smaller than the frontal area, the spot size determines the illuminated area.
Therefore the illuminated area of the monolithic body is approximately

ab . .
Ailam = " where a=min(¢,,w) andb=min(¢,,,h)
TRANSMIT oAV —
SPOT
ANTENNA \ f
APERTURE N
- MONOLITHIC
- — — - — 7 MAN

U OV
Ly MAINBEAM - — _ |

e

R



Naval Postgraduate School

Department of Electrical & Computer Engineering

Electromagnetic Radiation Hazards (12)

Monterey, California

For example, let the aperture
dimensions be L, =20m and

Ly, =2m. Referring to the

figure, the spot sizeat 50 mis
greater than the body frontal
area below about 1.9 GHz.
Above 1.9 GHz the antenna
beam narrows with frequency
and less of the body is
|luminated.

The worst case whole body SAR
occurs when the spot sizeis
bigger than the body.
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Electromagnetic Radiation Hazards (13)

For this calculation it is assumed that all of the incident field that is not reflected is
absorbed

P, =Wwh(l- |G[)

The reflection coefficient C is computed for a homogeneous slab of material (plot shown
on p. 8)

h; - 377 - '
=" T h :377 htanh(gj), H = j-Wm | —a +]b
h; +377 h - 377tanh(cd) S + jwe, e,

h; isthe intrinsic impedance of the body of thickness d with free space on the back side.
The incident power density, assuming the body isin the far field of the antenna, is

W, = RG; /(40R?)
The gain of the antenna with efficiency e is approximately related to the beamwidth by

G=4pel,L, /%> 4 el@ay)

14
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Electromagnetic Radiation Hazards (14)

For this example, another simplifying assumption isthat the field in the body is
approximately constant within the first skin depth and zero elsewhere. Thus al of the

power is absorbed in the first skin depth |E| 4
of the body. |
|
Samplevalues. B =100 W, f =1 GHz, Fromt | Back
d=0.023m, 1- |G|2: 0.4 (from charts :l Z
1 >

onp.8),R=60mande=0.7
The incident power density is

_ (100)(20)(2)(0.7)

=864 W/m? = 0.864 mW/cm’
(0.3)<(60)

W =RL,L,e/(l R)*
which is safe (< 10 mW/cnr). For the present case, we use a SAR averaging volume of

V, = whd =0.0101 m®.

15
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Electromagnetic Radiation Hazards (15)

The heated body massis

rvy,=rwhd = 1gm/cm3’ (00cm)”. kg %(0.0101 m3):10.1 kg
m> 1000 gm ¢
and the SAR
SAR = P, _Wwh(- |G|2) _ (0.864)(0.25)(1.74)(0.4) _ 0.1497 Wikg
r'Vy r'Vy 10.1
which is below the safe level of 0.4 10°

W/kg. The SAR for 1 mW/cmz2
Incident power density is shown at
three frequencies and compared to
data for other more detailed
phantom models.
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lO. Gandhi, “ State of the Knowledge for EM

Absorbed Dose in Man and Animals,” Proceedings of 10 , ,
the |IEEE, vol. 68, January 1980. 10* 102 10° 10*
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